Sympathetic influences on ventricular repolarization are not yet fully elucidated, despite their relevance to arrhythmogenesis. The sympathetic control of repolarization, measured from an endocardial monophasic action potential duration (APD) and from the QT interval, was investigated in 24 anesthetized cats. The effects of right and left stellectomy and of subsequent bilateral stellectomy or 8-blockade on the relation between APD (or QT) and cycle length (CL) at steady state, and on the kinetics of adaptation of APD to a sudden change in cycle length were studied separately. Steady-state APD/CL (or QT/CL) relations were obtained by atrial pacing at different cycle lengths. The kinetics of APD adaptation were evaluated for a sudden decrease of approximately 100 msec in pacing cycle length. The steady-state APD/CL (QT/CL) relation was fitted by the hyperbolic function APD=CL/ [(a * CL)+bl. From this, two parameters were computed: 1) 1/a, that is, APD (QT) extrapolated at infinite cycle length (APDm.X or QTmax) and 2) the cycle length at which 50% of the total change in APD (or QT) occurred (CL5o=b/a). Right stellectomy reduced APD..X and CL50, an effect reversed by subsequent left stellectomy or fl-blockade (propranolol, 0.5 mg/kg). Left stellectomy prolonged APDm. and CL50. Bilateral stellectomy, in both groups, caused a further increase in these variables. Results were similar for the QT/CL relation. The adaptation kinetics ofAPD to cycle length was described by the sum of two exponentials. The first time constant (rfa,t, about three beats) was unchanged by any intervention; the second (isiv) was shortened by right stellectomy and prolonged by left stellectomy. The further removal of the remaining stellate ganglion had the same effect in both groups, that is, an increase in f Thus, sympathetic innervation modulates both the steady-state dependence on cycle length and the kinetics of adaptation to sudden rate changes of ventricular repolarization. The effects of sympathetic influence are asymmetrical. Right stellectomy shortens APDmaX and QT.ax, reduces CL50, and accelerates APD adaptation to a new steady state. Because these effects are reversed by /3-blockade or left stellectomy, they are likely to be due to a reflexly enhanced sympathetic outflow to the ventricles through the left-sided nerves. (Circulation Research 1991;68:1191-1203 T he mechanisms by which the sympathetic nervous system favors the occurrence of cardiac arrhythmias are not yet fully elucidated. One aspect of sympathetic influence on cardiac electrophysiology, relevant to arrhythmogenesis, might be the modulation of the steady-state and kinetic properties of the rate dependency of ventricular repolarization duration. These properties, in turn, could determine the characteristics and the likelihood of initiation of reentrant circuits. Besides affecting
heart rate, the sympathetic nervous system may exert its control on the duration of ventricular repolarization directly; indeed, catecholamines affect the ionic currents involved in determining the duration of action potential.'-6 Full deactivation or recovery from inactivation of these currents takes longer than the duration of a cardiac cycle at physiological heart rates (e.g., 1 second)7; therefore, the amount of current available during the action potential is a function of cycle length. As a consequence, the effects of catecholamines on repolarization also are likely to vary with heart rate.
Studies in vitro have developed quantitative methods for the analysis of steady-state and kinetic properties of the rate dependence of repolarization. 8, 9 These methods may be applied in vivo to study how the sympathetic nervous system controls ventricular repolarization, an issue that cannot be addressed in studies on isolated tissues, given the complexity and integration of cardiac neural influences.l(tll The present study analyzes the sympathetic control of the rate dependence of ventricular repolarization in the heart in situ. The effects of unilateral and bilateral sympathectomy were evaluated on the "steady-state" relation between the duration of repolarization and rate, as well as on the kinetics of adaptation of repolarization to changes in rate.
Materials and Methods Surgical Preparation and Recording Techniques
Twenty-four adult cats of either sex (2.2-3.5 kg) were sedated with ketamine (20 mg/kg i.m.) and anesthetized with a-chloralose (70 mg/kg i.v.). Ventilation with room air was maintained with a tracheal cannula connected to a respirator (model 607, Har- vard Apparatus, South Natick, Mass.). We adjusted tidal volume and frequency to keep blood gases and pH within the physiological range. Esophageal temperature was monitored continuously by a thermistor probe (model 43TA, Yellow Springs Instrument Co., Yellow Springs, Ohio) and was maintained at 37-38°C by a heating pad and an infrared lamp. Polyethylene catheters were inserted in a femoral artery and vein for blood pressure recording (Statham model P23 DB, Gould Instruments, Cleveland, Ohio) and infusion of drugs and fluids. The vagi were left intact. Right and left stellate ganglia were exposed by removing part of the second rib on either side and were carefully dissected free from the surrounding tissues; silk sutures were placed loosely under their connections. The heart was exposed through a left thoracotomy and suspended in a pericardial cradle. A bipolar hook electrode was inserted in the left atrial appendage for pacing.
For measurement of the monophasic action potential (MAP), we used a technique previously used in our laboratory. 12 Briefly, a silver-silver chloride bipolar contact electrode (4F, Meditec, Parma, Italy) was introduced through a stab wound in the free wall of the left ventricle and advanced toward the septum until a good MAP was recorded. The catheter was secured to the epicardial surface by a silk suture and held in place by a semirigid mount provided with a screw that allowed fine adjustments. The recording tip of the electrode was 1 mm in diameter, and the 0.5-mm reference was 5 mm proximal. Within each experiment, we never changed the electrode position, which was checked at the end of each experiment; the electrode contact sometimes was improved by slight adjustment of its mount. MAP signals were amplified with DC coupled differential amplifiers (model 9853C, Beckman Instruments, Schiller Park, Ill.) in a frequency band of 0.16-100 Hz. The surface electrocardiogram (lead II), blood pressure, and MAP were recorded on magnetic tape (model 7 DS, Racal Store, Southampton, UK) for subsequent analysis.
MAP characteristics and QT interval were displayed on a digital oscilloscope (model 1425, Gould, Hailnaud, UK) and electronically measured with an accuracy of ±+0.25 msec and +0.5 mV. MAP amplitude was defined as the difference in potential between the diastolic baseline and the crest of the plateau, as suggested by Franz13 (see Figure 1 ). Monophasic action potential duration (APD) was measured at 90% of repolarization. Measurements were performed only on MAPs with an amplitude >15 mV. The QT interval was measured from the initial deflection of the QRS of the surface electrocardiogram to the end of the T wave. Only experiments in which the T wave limits were clearly defined within each experimental condition were used for QT analysis; this was done in 17 cases. Corrected OT interval (QTc) was obtained during sinus rhythm according to the modified Bazett's formula (QTc=QT/ x-RPR). GROUP Experimental Protocol After completion of surgery, the preparation was allowed to recover for at least 30 minutes to ensure the stability of MAP signals and hemodynamic conditions. Two pacing protocols (see below) then were performed in control conditions and after selective sympathetic denervations or drug administration. Figure 2 details the flowchart of the experiments and illustrates the two experimental groups, the number of animals involved in each protocol, and the sequence of interventions.
Right stellectomy was performed as the first intervention in 14 cats (group I). In six of them, right stellectomy was followed by left stellectomy, and in five, by ,-adrenergic blockade (propranolol, 0.5 mg/kg body wt i.v. over 5 minutes). In the remaining three cats (two after left stellectomy and one after propranolol), the effect of the second intervention could not be tested because of signal deterioration (MAP amplitude <15 mV). Because the effects of left stellectomy and P-blockade on the variables examined were similar (one-way analysis of variance was performed, showing no differences between the two groups), they will be presented together in "Results." In 10 cats (group II), left stellectomy was the first intervention, and it was followed by right stellectomy in seven of them. In three cats, the signal deteriorated after the first intervention, and the effect of bilateral stellectomy could not be tested. Animals were assigned to group I or group II in random order.
After we removed the stellate ganglia by gently pulling the silk ligatures and severed all the preganglionic and postganglionic connections, the animals were allowed to recover for at least 30 minutes before pacing protocols were repeated with the same parameters used in control.
Pacing protocols. The first protocol (protocol 1, Figure 3 , top left panel) was used to investigate the relation between APD (or QT) and cycle length at steady state. The pacing cycle length was varied in steps of 20-30 msec in the range allowed by the spontaneous cycle length and the atrioventricular refractoriness. The same six to 10 pacing cycle lengths were tested before and after experimental interventions within the same animal. Each pacing run was followed by a recovery period of 5-6 minutes. At each cycle length, APD was measured as the average of five consecutive beats after steady state was reached (4-5 minutes were usually required). To avoid interference from the stimulation artifact, QT was measured only for the last paced beat of each pulse train.
The second protocol (protocol 2, Figure 3 , top right panel) was used to investigate the kinetics of APD adaptation to step changes in cycle length. The pacing cycle length was kept constant at 300-350 msec until APD reached a steady state (4-5 minutes), and then it was suddenly changed to a much shorter cycle length (200-250 msec), which was maintained until APD reached a new steady-state value. The same cycle lengths were tested before and after experimental interventions within the same animal. Beginning with the first beat at the new cycle length (beat 1), APD was measured from each beat until beat 5, then every five beats until beat 25, and every 10 beats until beat 100. When adaptation was slow (e.g., after bilateral stellectomy), measurements were extended up to 250 beats. The overall change in the duration of repolarization occurring between beat 1 and the steady state at the new cycle length has been referred to previously as the "cumulative component" of adaptation to distinguish it from the change occurring between the last beat at the former cycle length and beat 1. Protocolfor the study ofthe steady-state relation ofactionpotential duration (APD) and cycle length (CL) (APD/CL). Various steps of atrial pacing (pac) were followed by periods of spontaneous sinus rhythm (SR). The sequence of cycle lengths was random, and pacing at a given CL often was repeated to test measurement reproducibility. Top right panel: Protocol for the study ofAPD adaptation to a sudden change in rate. Pacing CL was switched from long to short within one beat; the two cycle lengths were not changed within each experiment. Bottom panels: Monophasic action potential configuration at steady state, during a step change from a CL of 330 msec to a CL of 230 msec (marked by the arrow), and after attaining the new steady state (the two strips are not continuous).
making the QT measurement impossible. Therefore, in protocol 2, only APD was measured. Protocol 1 was performed in all animals, whereas in five cats protocol 2 was not feasible because of the occurrence of APD alternans in the first several beats at the fast rate, already in the control trial (see Figure 2 and "Results" for details). Data Analysis Relation between action potential duration (or QT) and cycle length at steady state (protocol 1). APD measured at steady state (see above) was plotted against pacing cycle length. The experimental points were accurately fitted (r>0.92) by the hyperbolic relation introduced for this purpose by Elharrar and Surawicz8 and Elharrar et a19:
APD=CL/[(a* CL)+b] In this equation, the coefficients a and b define the degree of APD dependence on cycle length (CL). The term 1/a represents the extrapolated value of APD at an infinitely long cycle length (l/a=APD,), that is, the one that would occur if an action potential were induced in a quiescent fiber. APDmax therefore is independent of rate and is thought to reflect the intrinsic membrane properties that determine the time course of repolarization.9 The dimensionless parameter b multiplied by APDmaX gives the cycle length at which APD is equal to 50% of APDmaX (CL50=b * APDmax). For the sake of simplicity, results in the text are expressed only in terms of CL50, whereas tables also report the values of b.
We also applied this analysis to the QT interval measured at steady state during pacing at a constant cycle length. Thus, the relation between QT and cycle length was fitted by the same equation (r>0.90) in which QTmax=1/a and CL50 is the cycle length at which QT is equal to 50% of QTma. Kinetics of action potential duration adaptation to step changes in cycle length (protocol 2). APD measured after the step change in pacing cycle length was plotted against the sequential number of the beat from which it was measured. As specified above, beat 1 was the first beat at the new pacing cycle length. After a step change in cycle length, APD changes with an exponential time course.14 Examination of the plots in semilogarithmic scale showed that the experimental points were fitted (r>0.95) by the sum of two exponentials:
where N is the sequential number of the beat, and APD(N) is the APD of the Nth beat. Thus, on suddenly shortening pacing cycle length, APD decays with a biexponential time course; Bi and B2 are the rate constants, and their reciprocals (1/Bl = 1fast and 1/B2=slow) are the time constants of the two exponentials. rf,t and rlw describe the number of beats required by the process of APD adaptation to reach a fixed fraction (63%) of its course. Therefore, the greater rft and rslow, the slower the APD adaptation. Because the pacing cycle length at which adaptation occurs is kept constant within each experiment, expressing time constants in number of beats, as we did, or in seconds is equivalent.
Statistical Methods
Results are expressed as mean±SEM. Computation of the parameters describing the APD/CL relation at steady state and the kinetics of APD adaptation to step changes in cycle length was performed by nonlinear least-squares fitting of the hyperbolic and biexponential relations, respectively (SYSTAT, Systat Inc., Evanston, Ill.). The quality of the fitting was evaluated by the F ratio of the nonlinear analysis and, together with the distribution of residuals, also was checked visually for every experiment. Significance of changes in parameters was tested within each experiment by comparing their estimates (t test using the standard error of individual parameter estimates). Fisher's exact test then was performed to assess whether changes in these parameters occurred in a significant proportion of experiments. Because this condition was in fact verified, mean values of parameter estimates before and after experimental interventions were compared by analysis of variance for repeated measurements and by paired sample t test when appropriate. Whenever a significant F level was achieved, individual means were compared by means of t tests with Bonferroni's correction. Differences in the control values among different groups were tested with t test for unpaired observations. Correlation between variables was evaluated by linear regression analysis. A two-tailed probability level <0.05 was adopted to define significance throughout data analysis.
Results

Hemodynamic Data and Corrected QT Interval
Hemodynamic data and QTc are shown in Table 1 .
Blood pressure and heart rate in control conditions were similar in group I (right stellectomy first) and group II (left stellectomy first). Right stellectomy did not modify blood pressure but reduced heart rate Tables 3A and 3B ). Moreover, for any experimental condition and at any given pacing cycle length, QT was highly correlated with APD (r>0.95), and the slope of the regression line was close to unity (1.06±0.04 msec/msec).
Effects of left stellectomy and subsequent tight stellectomy (group II). This group included 10 cats. MAP amplitude in control conditions was 29±1 mV (range, 20-38 mV) and did not change after left stellectomy. Left stellectomy modified the parameters of the steady-state APD/CL relation in a way opposite to right stellectomy (see Table 2C ). APDma was increased from 445±+-43 to 504±+37 msec (p<0.05), and CL50 was increased from 392±59 to 520±55 msec (p<0.05). In seven of the 10 cats, left stellectomy was followed by right stellectomy. In this subgroup, control values of APDI, and CL50 were 405+57 and 322±+68 msec, respectively. After left (Table 2D and Figures 4 and 5) . The steady-state QT/CL relation was influenced by left stellectomy and by the following right stellectomy in a way similar to the one described for the APD/CL relation (see Tables 3C and 3D ). As in the former group, QT was highly correlated with APD (r>0.95), and the slope of the regression line was close to unity (1.09+0.03 msec/msec) for any experimental condition and at any given pacing cycle length.
Kinetics ofAction Potential Duration Adaptation to
Step Changes in Rate (Protocol 2)
The kinetics of APD adaptation after a step change in rate was studied in 11 cats of group I and in eight cats of group II (Figure 2 ). The pacing cycle length was stepped from 321+±14 to 220±5 msec (mean change, -101 + 11 msec) in group I and from 314±7 to 218+5 msec (mean change, -96± 13 msec) in group II. Cycle lengths and their changes did not differ between the two groups. Within each experiment, pacing parameters were identical before and after neural interventions. Effects of right stellectomy and subsequent left stellectomy or (-blockade (group I). Right stellectomy significantly reduced the time necessary for APD to reach a new steady state after a step change in rate; that is, it accelerated the kinetics of adaptation. In 11 cats, rslw decreased from 66.14+8.77 to 33.70±3.75 beats (p<0.05). rfast was unmodified by right stellectomy (from 2.84+0.49 to 2.76+0.51 beats; p=NS) (Table 4A ). In nine of the 11 cats, right stellectomy was followed by left stellectomy (n =5) or P-blockade (n=4). In this subgroup, rslow was 58.71+± 10.87 beats in control. 30 .42+3.97 beats after right stellectomy, and 153.49+27.87 beats after left stellectomy or (3-blockade. Thus, both interventions reversed the effects of right stellectomy, making the process of adaptation slower than in control conditions. 'rfast again was unmodified (control, 3.25 +0.63 beats; right stellectomy, 3.37±0.62 beats; left stellectomy or ,(-blockade, 2.87+0.86 beats) (Table 4B and Figures   6 and 7) .
The amount of global APD shortening occurring after the step change in rate was not modified by right stellectomy (from -38.3+3.1 to -34.3+2.9 msec) but was slightly increased by the subsequent left stellectomy or (3-blockade (control, -37.1+3.8 msec; right stellectomy, -32.5+±3.9 msec; left stellectomy or (3-blockade, -46.3 ±5.1 msec, p<0.05 versus control and right stellectomy). Thus, the magnitude of the cumulative component of adaptation was not modified by right stellectomy but was increased by subsequent left stellectomy or (3-blockade (Tables 4A   and 4B ).
Effects of left stellectomy and subsequent right stellectomy (group II). Left stellectomy significantly in-creased the time necessary for APD to reach a new steady state after a step change in rate; that is, it slowed the kinetics of adaptation, thus having an effect opposite to that of right stellectomy. In eight cats, rslow increased from 61.57+9.63 to 119.97+ 13.81 beats (p<0.05). Similar to what occurred with right stellectomy, Tfast was not modified by left stellectomy (from 1.75+0.31 to 2.83+0.59;p=NS) (Table 4C ). In five of the eight cats, left stellectomy was followed by right stellectomy, which again did not modify rft and did not further increase rlw (control, 46.85+±3.01 beats; left stellectomy, 127.22±t16.78 beats; right stellectomy, 158.69± 10.28 beats, p<0.05 versus control) (Table 4D and Figures 6 and 7) .
Left stellectomy did not change the global amount of APD shortening that occurred with the step change in rate. APD shortened by 36.2±4.5 msec in control and by 37.8+3.7 msec after left stellectomy (n=8; p=NS). In five cats in which right stellectomy subsequently was performed, APD shortening was slightly greater with respect to control (-29.6+4.9 msec in control, -31.5+±4.9 msec after left stellectomy, and -35.6±1.0 after right stellectomy). Similar to what was observed in group I, the magnitude of the cumulative component of adaptation was increased by bilateral stellectomy (Tables 4C and 4D) .
Discussion This study provides novel information on the relation existing in vivo between the sympathetic nervous system and the factors controlling the duration of ventricular repolarization. The main findings relate to the tonic influence on repolarization properties and to the opposite effects of right and left cardiac sympathetic denervation. The influence of sympathetic innervation on repolarization will be discussed in terms of adrenergic control of the membrane current systems determining APD and of its relation with rate. The opposite effects of unilateral denervations will be interpreted in terms of different quantitative influences of rightand left-sided nerves."
Effects of Global Sympathetic Denervation
The steady-state monophasic APD/CL relation. Many of the membrane currents important in determining APD have rather slow gating kinetics at diastolic potentials. The time constants for the recovery of the slow inward current (Isi) from inactivation in cat ventricular muscle is between 120 and 240 msec at -80 mV,15 whereas the deactivation time constant of the delayed rectifier (Ik) ranges from 140 to 210 msec in the same tissue. 16 For example, after diastolic intervals shorter than 600 msec, only a fraction of Isi will be available for activation, and a significant fraction of Ik activated in the previous action potential will still be present. Therefore, action potentials stimulated at a cycle length shorter than 600 msec will have a duration different from that determined by the intrinsic (rate-independent) properties of membrane conductances. This phenomenon is called "incomplete recovery of membrane currents" and accounts for the changes in APD occurring within few beats.7 When the heart rate change is sustained, further slow modifications occur and are thought to depend on changes in Na+-K+ pump current. 14 beat number current (Ito), and Na+-K+ pump current,1-6 and the consequent APD changes are necessarily rate dependent because the availability of these currents changes with rate. The effects of bilateral denervation and 3-blockade on the steady-state APD/CL relation observed in this study fit with the above considerations. Denervation prolonged APD at infinite cycle length (APDmax). This is in keeping with the shortening of intrinsic APD caused by ,3-adrenergic agonists.9 Also, the slope of the APD/CL relation was increased by denervation; that is, changes in monophasic APD were larger at longer than at shorter cycle lengths. This can be explained by the greater availability at slower rates of the currents influenced by catecholamines. Finally, bilateral denervation prolonged the cycle length at which 50% of the total rate-dependent change in APD occurs (CL5o); this may be due to a slowing in the time course of one or more of the aforementioned processes controlling the rate dependence of APD.
Kinetics of monophasic action potential duration adaptation to rate changes. The slow component of APD adaptation after a sustained change in rate has been referred to as the cumulative component.8 Both in animal and human hearts, it occurs with a roughly exponential time course, too slow to be accounted for by any of the known gating variables.1417 Potassium accumulation in the extracellular clefts may contribute to this process.18 Re- cently, however, a similar kinetics of APD adaptation has been observed also in isolated ventricular myocytes, in which only a minor fraction of the extracellular space is restricted. 19 Boyett and Fedida14 have provided convincing evidence that changes in the Na+-K+ pump current may account for the cumulative component of APD adaptation in canine Purkinje fibers. These changes probably are caused by modifications in the transmembrane sodium influx, because of the change in the number of activations per unit time. Accordingly, if the Na+-K+ pump rate were increased, the kinetics of APD adaptation would be accelerated and vice versa.
In our experiments, the time course of the cumulative component of APD adaptation was better described by the sum of two exponentials with time constants differing by two orders of magnitude. It is difficult to assign a meaning to each of these two components. A reasonable hypothesis is that an incomplete recovery of membrane currents might have contributed to the adaptation of beats beyond the first one following the step change in rate, because the cycle length at which adaptation occurred was very short (mean, 220 msec). The time constant of the fast component of adaptation measured (about three beats) is compatible with this hypothesis. Consequently, the true cumulative component of APD adaptation would be described only by the slower of the two exponentials. After bilateral denervation, the mean time constant of this exponential was 35 seconds (159 beats * 221 msec); because the effect of circulating catecholamines is not eliminated by stellectomy, this value is compatible with those found in vitro in dog Purkinje fibers (64 seconds)14 and ventricular myocytes (71 seconds). 19 Bilateral sympathetic denervation and ,3-blockade similarly prolonged the time constant of the slow exponential, while leaving the fast exponential unchanged. This indicates that removal of sympathetic tone slows the kinetics of the cumulative component of APD adaptation to rate. This result can well be explained on the basis of the adrenergic control of the Na+-K+ pump. Indeed, both ,3-adrenergic' and a-adrenergic4,6 receptor activation stimulate the Na+-K+ pump in cardiac tissues.
Effects of Unilateral Sympathetic Denervation
Right stellectomy modified both the steady-state APD/CL relation and the kinetics of the cumulative component of adaptation. The changes went in a direction opposite to that induced by left or bilateral stellectomy and were reversed by 8-blockade and by removal of the left stellate ganglion (see . Thus, two features of ventricular repolarization, probably controlled by different and independent mechanisms, responded to right stellectomy as if this intervention increased the sympathetic drive to the ventricles. When right stellectomy was performed after left stellectomy, its effects were different; that is, they were compatible with a further removal of a minor component of the adrenergic output to the ventricles. Therefore, this paradoxical "sympathomimetic" effect of right stellectomy was mediated by the left-sided cardiac nerves. On the other hand, left stellectomy produced changes in the same direction of bilateral denervation or of /3-blockade; subsequent removal of the right nerves only slightly accentuated these changes. This supports the concept that the major component of the sympathetic output to the ventricles is carried by the left-sided nerves. 11, 20 These observations can be interpreted according to the hypothesis that right stellectomy would reflexly increase the efferent neural activity through the contralateral stellate ganglion. This may occur through the operation of baroreceptive reflexes or through the interruption of the neural input to central inhibitory pathways, as those mediated by interneurons located in the vicinity of the intermediomedial nucleus in the spinal cord.1",2' This interpretation accounts for the effects of unilateral stellectomy on heart rate,22 on ventricular fibrillation threshold,23 and on the effective refractory period. 24 However, previous studies on the sympathetic control of ventricular repolarization have yielded different results. Yanowitz et a125 reported that, despite a different regional distribution of the right and left sympathetic nerves to the ventricles, right or left stellectomy similarly prolonged ventricular refractory period, a parameter that in physiological conditions closely reflects the duration of repolarization. They suggested that removal of either stellate ganglion results in a decreased sympathetic output to the ventricles. At variance, Schwartz et a124 found that right stellectomy shortened whereas left stellectomy prolonged ventricular refractoriness, and that the effect of right stellectomy depended on the presence of an intact left stellate ganglion. These findings fit with what was observed in the present study. The discrepancy between these data and those from Yanowitz et a125 may stem from the different effects of the anesthetics used on neural reflexes necessary for contralateral activation when the right stellate ganglion is removed. Yanowitz et a125 used barbiturate anesthesia, which deeply depresses sinoaortic reflexes26 and inhibits the sympathetic response to stimulation of both peripheral afferents and hypothalamus.27 These effects are modest or absent with a-chloralose,28 the anesthetic used by Schwartz Right stellectomy prolonged QTc during sinus rhythm. This apparently is in contrast with the effect of this intervention on the steady-state APD/CL relation, the steepness of which was decreased rather than increased by right stellectomy. This discrepancy could have been explained if the effects of right stellectomy on the monophasic APD were only a local phenomenon, whereas at other ventricular sites, opposite changes would occur. To test this hypothe-sis, we analyzed the steady-state QT/CL relation and found that it was modified by neural interventions in the same direction as the APD/CL relation (see Tables 2 and 3) . Moreover, at any given rate, QT was highly correlated with monophasic APD, and the slope of the regression line, close to unity, was unchanged by stellectomy. Thus, changes in QT interval measured during steady-state pacing accurately described changes in the duration of ventricular repolarization after any of the interventions tested; therefore, some additional phenomenon must be involved in determining QTc.
A possible interpretation of the paradoxical behavior of QTc is based on the fact that this parameter was computed, during sinus rhythm, by correcting the measured QT for the length of the preceding cycle. Because the adaptation of QT after a rate change is far from instantaneous, the length of the cycle immediately preceding the measured QT determines only a fraction of the QT duration; the size of this fraction depends on the kinetics of QT adaptation. Therefore, QTc is determined not only by the duration of repolarization but also by the kinetics of its adaptation after a change in rate. If an intervention changes the adaptation kinetics, its effects on steady-state QT might diverge from those on sinus rhythm QTc. The present experiments show that adaptation kinetics are changed after right stellectomy and suggest that right stellectomy increases QTc because of its effect on the kinetics rather than on the amount of the rate dependence of QT. This mechanism would be different from that underlying QTc prolongation induced by increasing the rate-independent APD, as would occur, for instance, by reducing potassium conductance (e.g., hypokalemia). Critique of the Model MAP was recorded from a single left endocardial site, so that the possible consequences of regional differences in sympathetic innervation were not specifically investigated. However, the fact that QT and APD behaved similarly when measured during pacing at steady state suggests that the observed effects are not restricted to the MAP recording site.
The spontaneous sinus rates of the animals prevented the analysis of wider ranges of cycle length. In fact, none of the possible ways of expanding the range of spontaneous rates in vivo (sinus node crushing, mechanical or chemical atrioventricular block, bradycardizing agents) is devoid of confounding effects on sympathetic ventricular innervation29 or membrane conductances involved in the control of APD. 30 The accuracy of extrapolated values (e.g., APDmx or QTmax) relies on the reasonable assumption that the function used to fit the experimental points is valid over the entire range of cycle lengths. 8, 9 Thus, these parameters are quite useful in describing the overall steepness of the APD/CL relation, although not permitting quantitative predictions of APD at cycle lengths quite different from those directly evaluated in the experiments. Further en-lightening the validity of the method used is the fact that the APDma and b values obtained in this study are consistent with those reported in other studies, in which the experimental conditions allowed direct APD measurements over a wider range of cycle lengths.9
Differences between ,8-blockade and bilateral stellectomy in opposing the effects of right stellectomy were not observed. A contribution of a-receptors in modulating the kinetics of APD adaptation is likely,6 and it is not ruled out by the present study. Indeed fl-blockade, but not left stellectomy, also blocks the effect of circulating catecholamines, and this could compensate for the consequence of leaving a-receptor stimulation unopposed.
Cardiac sympathetic activity is importantly modulated by the parasympathetic nervous system31; conversely, section of cardiac sympathetic afferents, as happens with stellectomy, can be expected to increase the vagal outflow to the heart. 32 At the ventricular level, which is the one relevant to our study, the latter effect primarily is produced by antagonism with adrenergic effects. Therefore, even if the potential for sympathovagal interaction on ventricular repolarization is worth investigating, the present study focuses on the effects of unilateral stellectomy in the presence of intact vagi. Pathophysiological Implications Adrenergic mechanisms are thought to play a major role in the genesis of the rhythm disturbances associated with QTc prolongation in various clinical conditions,33,34 including the idiopathic long QT syndrome. 35, 36 The relevance of the present findings to the long QT syndrome is unknown and depends on the validity of right stellectomy as a model for its pathogenesis. 36 The results support the concept that a prolonged QTc may derive from an imbalance in cardiac sympathetic innervation, characterized by a lower than normal right sympathetic activity and a reflexly increased neural output to the ventricles through left-sided nerves.H1 They also provide an interpretation for a potential difficulty inherent to the sympathetic imbalance hypothesis; that is, how can catecholamines, which shorten ventricular APD, prolong QTc? The neurally induced increase in QTc occurs despite a decrease in APDmaX or QTmax, which describe the rate-independent APD, and therefore it might reflect an altered time course of repolarization changes during cycle length fluctuations. At any rate, because the techniques used in this study are applicable clinically, it will be possible and logical to test the behavior of ventricular repolarization in patients with the long QT syndrome and compare it to that observed in the more controlled experimental conditions. Independent of the long QT syndrome, the sympathetic modulation of the time course by which APD adapts after a change in rate could be relevant to arrhythmogenesis. An acceleration of this time course would reduce the number of reactivations required for the tissue involved in a functional reen-trant pathway to reach its final refractoriness. It is tempting to speculate that this might facilitate the onset of reentrant circuits with small diameter and short cycle length.
